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Summary

The study of angiogenesis has grown exponentially over the past 40 years with the
recognition that angiogenesis is essential for numerous pathologies and, more
recently, with the advent of successful drugs to inhibit angiogenesis in tumours. The
main problem with angiogenesis research remains the choice of appropriate assays to
evaluate the efficacy of potential new drugs and to identify potential targets within
the angiogenic process. This selection is made more complex by the recognition that
heterogeneity occurs, not only within the endothelial cells themselves, but also
within the specific microenvironment to be studied. Thus, it is essential to choose the
assay conditions and cell types that most closely resemble the angiogenic disease
being studied. This is especially important when aiming to translate data from
in vitro to in vivo and from preclinical to the clinic. Here we critically review and
highlight recent advances in the principle assays in common use including those for
endothelial cell proliferation, migration, differentiation and co-culture with fibro-
blasts and mural cells in vitro, vessel outgrowth from organ cultures and in vivo
assays such as chick chorioallantoic membrane (CAM), zebrafish, sponge implanta-
tion, corneal, dorsal air sac, chamber and tumour angiogenesis models. Finally, we
briefly discuss the direction likely to be taken in future studies, which include the use
of increasingly sophisticated imaging analysis systems for data acquisition.
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Introduction

vascular initiation, formation, maturation, remodelling and
regression, which are controlled and modulated to meet the

Angiogenesis, the development of new blood vessels from
the existing vasculature, is essential in normal developmental
processes and is a hallmark of over 50 different disease
states including cancer, rheumatoid arthritis and psoriasis
(Carmeliet & Jain 2000). Physiological angiogenesis is a
highly organized sequence of cellular events comprising

© 2009 The Authors
Journal compilation © 2009 Blackwell Publishing Ltd

tissue requirements. In contrast, pathological angiogenesis is
less well controlled and although the initiation and forma-
tion stages occur, the vessels rarely mature, remodel or
regress in disease. Therefore, improving our understanding
of the factors and processes involved in the maturation,
remodelling and regression of vessels is necessary for the
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treatment of angiogenesis-dependent disease states. More-
over, the use of ‘angiogenesis’ as a generic term to describe
vascular proliferation suggests a single process whereas in
reality angiogenesis is different in conditions such as
tumours, eye disease or inflammation and these diverse con-
ditions do not produce a homogenous population of new
blood vessels (Carmeliet & Jain 2000). Therefore, there is a
need to study angiogenesis in greater detail and in the rele-
vant disease and tissue to allow the development of new/im-
proved therapeutic strategies.

The main technical challenge in any study of angiogenesis
is the selection of the most appropriate assay. The ideal
angiogenesis assay would be robust, rapid, reproducible
with reliable readouts, automated computational analysis,
multi-parameter assessment, including positive and negative
controls and should relate directly to results seen in the
clinic. Despite the increasing numbers of both in vitro and
in vivo assays, a ‘gold-standard’ angiogenesis assay has yet
to be developed; therefore, a combination of assays are
required to identify the full range of effects of a test protein
or to identify the molecular and/or cellular events in angio-
genesis.

Although a majority of in vitro assays focus on endothe-
lial cells, the migration, proliferation and differentiation of
which are central to the angiogenic process, other cell types
are important. Therefore, the most translatable assays would
include the supporting cells (e.g. smooth muscle cells, peri-
cytes, fibroblasts and tumour cells), the extracellular matrix
(ECM) and/or basement membrane and circulating blood.
However, despite various attempts at co-culturing endothe-
lial cells with different cell types, no in vitro assay currently
exists which satisfactorily models all the components of this
complex process. Moreover, although iz vivo this complex-
ity exists, the assays are limited by the species used, organ
sites, administration of the test substances and lack of quan-
titative analysis. This review therefore critically appraises
the in vitro and in vivo assays currently in use and discusses
the direction for future studies.

In vitro assays of angiogenesis

Endothelial cells in vitro

In adults, most endothelial cells are quiescent and poised for
repair, and whilst it was originally thought that all endothe-
lial cells were homogeneous, it is now commonly accepted
that there is a high degree of heterogeneity along the vascu-
lar tree, to allow biological adaptation to local needs. At the
morphological level, vessel phenotype can be described as
continuous, where endothelial cells line the complete internal

surface of the vessel wall; fenestrated, where endothelial cells
are permeable because of the presence of small openings
(fenestrae); and sinusoidal, which have large lumen, many
fenestrations and a discontinuous (or absent) basal lamina.
Apart from this traditional classification, there are also dif-
ferences in endothelial size, shape, complexity of junctions
and presence or absence of plasmalemmal bodies. The func-
tional heterogeneity of endothelial cells also needs to be
taken into consideration, including roles in control of vaso-
constriction and vasodilation, blood coagulation, fibrinoly-
sis, antigen presentation, atherogenesis and catabolism of
lipoproteins. Moreover, it has been recognized that there is
considerable heterogeneity in endothelial cells derived from
different locations within the body, which is related to the
microenvironmental factors acting in each different organ
and the specialized function for the endothelium therein
(Zetter 1988; McCarthy er al. 1991). This structural and
functional diversity of endothelial cells has been investigated
between different endothelial cell populations including
arteries and veins (Lawson et al. 2001), large and small ves-
sels (Muller et al. 2002) and normal and tumour vessels
(Carson-Walter et al. 2001), and is the result of molecular
differences between endothelial cell populations, which must
be taken into account when selecting endothelial cells for
in vitro analysis. Furthermore, there are species differences
which should not be ignored, for example most human
endothelial cells bind Ulex europas agglutinin I (UEA-I),
whereas murine endothelial cells do not (Gumkowski et al.
1987).

Until relatively recently, the most commonly used human
endothelial cell for in vitro angiogenesis assays was human
umbilical vein endothelial cells (HUVEC), which are easily
isolated by perfusion of the umbilical vein with trypsin or
collagenase and have been successfully cultured since 1973
(Jaffe et al. 1973). However, as angiogenesis commonly
involves the microvasculature rather than the macrovascula-
ture, these are far from ideal as there are differences
between the lineage of these, which may lead to inconclusive
or inaccurate responses.

As isolation techniques have become more sophisticated,
further endothelial cell types including microvascular as well
as macrovascular endothelial cells have been isolated from
different organs. Use of endothelial cells from the appropri-
ate organ was shown to be important over 20 years ago fol-
lowing some elegant experiments, which demonstrated
glioma cells showing preferential adhesion to brain derived
endothelial cells and teratocarcinoma cells adhering most
avidly to ovary derived endothelial cells. In contrast, the two
tumour types showed no differential adhesion when plated
onto ‘neutral’ fibroblasts (Alby & Auerbach 1984). For
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many years, isolation of human endothelial cells from
different organs was considered difficult, both in terms of
gaining ethical approval and access to tissue, and in terms of
the protocols. However, a number of commercial companies
have now recognized the requirement for human endothelial
cells from different organs and over 19 different types of
endothelial cells are now available as primary cell cultures,
including pulmonary, uterine, cardiac, bladder, dermal and
lymphatic microvascular cells (Figure 1).

A majority of endothelial cells within the body are natu-
rally quiescent, whereas cultured endothelial cells adapt to
proliferate in vitro, which may be a potential problem when
assessing pro-angiogenic factors, as these cells are already
exhibiting an angiogenic phenotype. Moreover, whilst prolif-
erating in culture the endothelial cells start to lose their
organ specific phenotype and undergo changes in activation
state, karyotype, expression of cell-surface antigens and
growth properties (Jackson & Nguyen 1997). Even when
using primary cultures, it should be taken into consideration
that the cells can only be passaged a few times before they
lose their ‘normal’ physiological properties. For example,
blood-brain barrier endothelial cells that specifically express
P-glycoprotein lose this expression almost immediately
in vitro (Aird 2003).
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Despite the fact that endothelial cells are naturally quies-
cent in vivo, researchers have attempted to immortalize
endothelial cells for use in angiogenesis assays. Several meth-
ods have been used to immortalize both microvascular and
macrovascular endothelial cells including stable transfection
of human dermal microvascular endothelial cells with the
simian virus SV40 large antigen (HMEC-1 cells; Ades et al.
1992), or engineering human telomerase catalytic protein
(hTERT) into primary microvascular endothelial cells
(HMVEC; Shao & Guo 2004). However, there are inherent
problems with this approach, not least that altering the ori-
ginal cells to proliferate in culture will change their angio-
genic potential, but also gene expression is likely to be
altered and cells may still undergo phenotypic changes with
repeated passaging. Indeed when HMEC-1 cells were origi-
nally generated, they formed tubules in vitro (Ades et al.
1992), whereas 12 years later, this is no longer the case
(Nisato et al. 2004).

Endothelial cells are also likely to behave differently when
in tubular structures, in contact with accessory cells such as
pericytes and smooth muscle cells, and in response to flow
and shear stress. Thus any assays using endothelial cells
alone, while likely to be reproducible, readily quantifiable

and rapid, will not permit the study of the more complex

Figure 1 Endothelial cells. Representative photographs of confluent human umbilical vein endothelial cells (HUVEC; a—) and human
dermal microvascular endothelial cells (HuDMEC; d—f) as seen with phase contrast microscopy (a, d), or stained with CD31 (b, e) or
von Willebrand’s Factor (c, f). In the fluorescent photographs, the nuclei are counterstained with DAPI. The morphology of both cell
types is very similar although the HUVEC form a more classical cobblestone pattern. Photographs courtesy of Promocell GmbH, Hei-

delberg, Germany.
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physiological interactions that occur in vivo, including the
assessment of any indirect effects of an agent e.g. an effect
exerted on non-endothelial cells that then produce a fac-
tor/molecule, which acts on endothelial cells. This does not
mean that assays involving endothelial cells alone are not
important, rather that care should be taken with interpreta-
tion, and that multiple iz vitro assays should be used and
followed up with one or more in vivo assay.

Endothelial cell proliferation assays

Within the process of sprouting angiogenesis, endothelial
cells undergo proliferation and as proliferation assays are
highly reproducible, easy to perform and generate precise
quantifiable data, they are commonly used. However,
although endothelial cells in culture are capable of cell divi-
sion, they eventually become senescent and so proliferation
studies need to be carried out soon after isolation; com-
monly cells are used at passages 3-6 in our laboratory.
Appropriate cell density is very important for proliferation
studies as a marked reduction in proliferative activity occurs
when the cells reach confluence because of cell-cell contact
inhibition, diminished nutrient supply and accumulation of
cell-derived waste products. Therefore, the confluence of
endothelial cells must be less than 70% for evaluating cell
proliferation. Moreover, as endothelial cells in vivo are usu-
ally quiescent, in order to detect the activity of a pro-angio-
genic substance it is often necessary to induce a quiescent
state in the endothelial cells prior to the experiments. This is
usually achieved by serum starving the cells (reducing serum
levels to 1%) and then re-introducing full serum and/or
growth factors/test substances for the course of the experi-
ment. Care must be taken not to stimulate apoptosis because
of starvation.

Cell proliferation can be described as the number of cells
dividing, and the easiest way of measuring this parameter is
by determining the net cell number. In these assays, a
defined number of endothelial cells are seeded and after a
certain period of time to allow proliferation to occur (as the
cell cycle for endothelial cells is between 18 and 24 h, the
time usually chosen is in multipliers of 24 h) the increase in
the cell number is measured by a cell counting device such
as a haemocytometer (using a light microscope), a coulter
counter (an electronic particle counter) or a Vi-cell counter
(which measures cell viability as well as number). The haem-
ocytometer is time consuming, requires a high density of
cells and is more prone to sampling error, however, it does
allow a visual estimation of cell death which, when com-
bined with trypan blue, can be used to estimate cell viability.
While the coulter counter is more convenient, accurate,

rapid and can be used to count low density of cells, it is
more expensive and results might not always reflect cell pro-
liferation, for instance a decrease in cell number may be as a
result of cell death rather than a decrease in proliferation.
The more modern Vi-cell incorporates trypan blue exclusion
to give total number of cells as well as the percentage of
dead cells making this the most accurate, but also the most
expensive method.

Another method in common use is MTT [3-(4,5-dim-
ethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide], which is
a yellow tetrazolium salt taken up by cells and cleaved by a
mitochondrial dehydrogenase enzyme to produce pur-
ple/blue formazan crystals, which accumulate in living cells.
These crystals are dissolved by the addition of DMSO and
the solubilized formazan product is quantified using an
ELISA plate reader. Correlation between production of the
formazan product and cell number has been shown (Denizot
& Lang 1986; Wemme et al. 1992). However, although this
method provides rapid detection of cell proliferation, some
chemical reagents may alter the activity of the dehydroge-
nase thereby affecting formazan production without a con-
current change in cell number, and different cell lines may
have different absorbance levels even at similar degrees of
cell confluence.

DNA synthesis, an alternative measure of cell prolifera-
tion, is assayed by measuring the incorporation of [*H|Thy-
midine into the DNA of the cell using scintillation counting
where the amount of radioactivity is proportional to the
neosynthesis of DNA (Yu et al. 2004). More recently, the
use of bromodeoxyuridine (BrdU), which competes with thy-
midine for incorporation into the DNA during the S-phase
of the cell cycle, has replaced the use of radiolabelled thymi-
dine as the incorporated BrdU can be detected by immuno-
cytochemistry at an individual cell level or by ELISA for the
cell population. Similarly, it is possible to stain the cells with
a DNA binding dye and assess the amount of bound dye
using a colourimeter or ELISA reader. However, with all
these methods, an increase in labelling may actually be
because of DNA repair activities not involved in cell mitosis
and a decrease may be because of cytotoxic rather than
cytostatic effects of a test substance. An alternative method
is to measure the expression of PCNA (proliferating cell
nuclear antigen) in cells. PCNA expression increases during
Gi-phase, peaks during the S-phase and decreases during
G,/M-phases of the cell cycle and so can be used to distin-
guish proliferating cells from resting cells. Furthermore,
immunocytochemical analysis examining the expression of
PCNA in the cell may be employed to provide visual and
quantitative evidence of cell proliferation. However, PCNA
is also involved in DNA repair and as such may be
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expressed by cells that are not proliferating. Thus, incorpo-
ration of thymidine analogues or expression of PCNA does
not always correlate with cell proliferation (Neckers et al.
1995).

Direct cell-cycle analysis using DNA-binding molecules
with flow cytometric analysis is an alternative method for
analysing proliferation. Again, this method commonly uses
BrdU incorporation into cellular DNA followed by satura-
tion staining with propidium iodide (PI), which provides a
measure of the total DNA per cell. A correlation between
the BrdU content of the cells with that of PI measured using
the fluorescence activated cell sorter (FACs) generates the
standard cell cycle information (Gomez & Reich 2003). This
has the advantage of demonstrating the cell-cycle distribu-
tion, proliferative state and a measure of apoptosis within a
population, as well as being able to analyse a large number
of cells in a short space of time. However, disadvantages
include the potential that cellular autofluorescence may
cause difficulty in analysis and that large numbers of cells
are required.

In order to achieve the most reliable results with prolifera-
tion assays, the combined use of two or more methods is
strongly recommended; usually some form of cell counting
(MTT or direct numbers) combined with a measure of DNA

synthesis and cell death analysis.

Endothelial cell migration assays

During the process of angiogenesis, endothelial cells are
stimulated to degrade the basement membrane and migrate
into the perivascular stroma in response to a gradient of
angiogenesis inducing factors including VEGF. Transfilter
assays, a modification of the Boyden chamber (Boyden
1962) are the most frequently used assays to quantitatively
assess endothelial cell migration. These three dimensional
assays are based on the migration of endothelial cells, plated
on top of a filter containing 8 um diameter pores, which
allow only active passage of the cells, towards an attractant
(test angiogenic factor) placed in the lower chamber (Aless-
andri et al. 1983). The filter may be coated with single ECM
proteins such as collagen or fibronectin, or complex matri-
ces, such as Matrigel (Albini et al. 2004) in an effort to sim-
ulate the in vivo microenvironment. This assay has several
advantages including high sensitivity to small differences in
concentration gradients (Falk er al. 1980), high reproducibil-
ity, short duration (4-6 h) meaning that there are no prolif-
erative effects and/or matrix synthesis. Theoretically, should
the agents alter the location or expression of endothelial cell
specific proteins, it would also be possible to examine the fil-
ter for those specific changes. Importantly, this assay can be

© 2009 The Authors
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used to distinguish between chemotaxis (directional migra-
tion in response to a gradient of soluble stimuli) and chemo-
kinesis (random motility), by generating positive, negative
and null gradients by altering the concentrations of reagents
in the upper and/or lower chambers (Taraboletti et al.
1990). However, disadvantages with this assay are the tech-
nical difficulties involved in setting up the assay, maintaining
transfilter gradients for prolonged periods of time (as this
equilibrates between chambers over time), a lack of specific
information about the gradient generated, the inability to
observe cell motion during experiments, and the fact that
cells migrate through a ‘foreign’ matrix (polycarbonate or
polypropylene filter) (Cary & Guan 1999; Smith et al.
2004). Counting cells by eye is time consuming, and it is dif-
ficult to obtain accurate and statistically significant results
with small numbers of cells crossing the filter, especially
when the distribution and/or staining of the cells are/is
uneven. The use of computers equipped with digital cameras
capable of scanning the filter systematically and software
that recognizes stained cells have been used to complement
counting by eye. However, the software cannot always dis-
tinguish between the pores of the filter and the stained cells
(Debeir et al. 2004). An alternative indirect method of mea-
suring migration in the modified Boyden chamber involves
staining migrating cells with crystal violet, eluting the stain
and transferring to a microplate for spectrophotometric
analysis whereby the density of the stain correlates with cell
migration (Santiago & Erickson 2002).

An adaptation of the Boyden chamber, which replaces the
transparent filter with a light shielding material such as poly-
ethylene terephthalate, enables a time course endothelial cell
migration to be established by fluorescently labelling the
endothelial cells. In this manner, non-migrating endothelial
cells above the filter are invisible to the fluorescent plate
reader and only the migrating cells are counted (Goukassian
et al. 2001).

A further modification of the Boyden chamber enables the
study of pseudopodia extension, an event involved in cell
migration (Parent & Devreotes 1999). By altering the pore
size of the filter to 3 pm and coating the membrane on both
sides with an ECM protein, the cells will extend pseudopo-
dia through the pores in the direction of the gradient, and
altering the gradient will alter the number of pseudopodia
extended through the membrane. Removal of the cell body
from the upper surface enables determination of the total
pseudopodia protein on the lower surface of the filter
(Klemke et al. 1998).

An alternative type of migration assay is based on the pre-
mise that endothelial cell migration into a denuded area is a
pivotal event in wound healing iz vivo. A scraping tool is
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used to remove a portion of a confluent endothelial cell
monolayer to provide a margin from which the endothelial
cells migrate to fill the denuded area (Figure 2; Wong &
Gotlieb 1984). The rate and extent of endothelial cell migra-
tion is then monitored microscopically at various time-points
or by time-lapse microscopy (Pepper et al. 1990). This two

Oh

Figure 2 “Wound healing’ migration assay. The pictures show
HuDMEC cells that have been (a) freshly wounded and (b) six
hours after wounding at which point cell migration into the
area of the wound can clearly be seen. Dotted lines mark the
edge of the ‘wound’. Photographs courtesy of Chryso Kanthou,
University of Sheffield, UK.

dimensional in wvitro assay is considered to represent one
aspect of wound healing in as much as the confluent endo-
thelial monolayer has been ‘wounded’ by scraping and the
cells are migrating back to re-form the monolayer (Lampug-
nani 1999). The major advantage of this method is that cell
migration can be monitored over time, thus estimating a rate
of migratory response. However, fluorescence and immuno-
fluorescence microscopy combined with time-lapse cinema-
tography used to correlate the cytoskeletal events with
motile activity of cells occurring during the ‘healing of the
wound’ have shown that ‘wound repair’ in this model is a
multi-step process involving spreading, proliferation and
migration events (Wong & Gotlieb 1988; Coomber & Got-
lieb 1990). This means that this assay is inaccurate for the
determination of the net migration effect. Moreover, quanti-
fication is difficult and arbitrary, results may vary depending
on size of wound and cell growth, results may be compro-
mised by release of substances from damaged endothelial
cells, and it is technically difficult to ensure that control and
experimental groups are run under identical conditions of
confluence and that the area of denudation is precise (Auer-
bach et al. 1991; Cai et al. 2000).

An attempt to remove the problems of generating identical
areas of denudation and damaged endothelial cells resulted
in the Teflon fence assay whereby endothelial cells are con-
fined to a region of a well with a Teflon fence and allowed
to proliferate until confluency. The fence is then removed
and over time, the cells will migrate into the new area avail-
able. Cells are fixed and then counted at specific times fol-
lowing fence removal and at specific distances from the site
of the initial population (Cai et al. 2000). Using this
method, it is possible to assess the migration of endothelial
cells on gradients of surface bound ligands (Smith er al.
2004). However, this is technically difficult to set up as pro-
ducing increasing gradients is time-consuming and laborious,
and net migration is difficult to discriminate from prolifera-
tion when experiments exceed 24 h.

An increase in overall endothelial cell motility can also be
a measure of an angiogenic response and phagokinetic track
methods can be used to assess this. The first version of this
assay used colloidal gold-plated coverslips as a substrate for
the movement of cells, which displace the colloidal gold
leaving a track that can be measured for directional proper-
ties and total distance (Zetter 1987). More recently, the
assay was modified to permit rapid preparation and screen-
ing of 96-well plates. A monolayer of 1 um polystyrene
beads is deposited on the bottom of the plate and endothe-
lial cells settle on the bead monolayer and generate tracks
similar to those produced in colloidal gold (Obeso & Auer-
bach 1984). The major advantage of this method is that
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accurate measurement of cell motility can be achieved, and
that it is possible to study directional effects on cell move-
ment. This assay has proved equally useful for studying anti-
angiogenic agents such as endostatin (Auerbach ez al. 2003)
and pro-angiogenic factors such as VEGF (Albrecht-Buehler
1977). However, its major disadvantages are that the cells
are migrating on an unnatural/non-host substrate (not one
found iz vivo), only a small number of cells can be tracked,
and the assays are time consuming to analyse and difficult
to interpret, and requiring the use of complicated computa-
tional analysis software to track the cell paths recorded
using time-lapse microscopy (Ariano et al. 2005).

The choice of migration assay depends upon the com-
pound being tested (i.e. is it soluble or surface bound) and
the questions being asked. While the Boyden chamber and
adaptations thereof, have the advantages of allowing both
chemotaxis and chemokinesis to be quantified, the relatively
simple scratch assay may be more appropriate when investi-
gating wound healing as the cells at the edge of the scratch
are likely to be damaged by the process. However, for the
direct measurement of cell motility and directional effects on
cell movement, the phagokinetic track method is the most
appropriate.

Endothelial cell differentiation assays

Assays that simulate the formation of capillary-like tubules
are regarded as representative of the later stages of angio-
genesis (differentiation) and are used extensively to assay
novel compounds for pro- or anti-angiogenic effects. The
basic tubule formation assay involved plating endothelial
cells onto or into a layer of gel matrix (commonly collagen,
fibrin or Matrigel), which stimulates the attachment, migra-
tion and differentiation of endothelial cells into tubule like
structures in a manner that simulates the iz vivo situation
(Lawley & Kubota 1989; Kanzawa et al. 1993). These
assays are usually run in the presence of potential modula-
tors of angiogenesis and tubule development is observed
over a 4- to 24-h period and recorded using a digital cam-
era. The formation of tight junctions between the endothe-
lial cells in the developing tubules has been confirmed by
electron microscopy (Auerbach et al. 2003), although these
early structures lack lumen.

The type of matrix used is important as different matrices
result in different rates of differentiation, for example, cul-
turing endothelial cells on collagens I and III (interstitial col-
lagens) results in cell proliferation with only occasional
tubule formation, whilst plating on collagens IV and V
(basement membrane collagens) leads to extensive tubule
formation with only minimal proliferation (Madri &

© 2009 The Authors
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Williams 1983). Matrigel, a mixture of extracellular and
basement membrane proteins derived from the mouse Engel-
breth-Holm-Swarm sarcoma, was found to be the most
potent matrix for tubule formation, with tubules beginning
to form within 1 h and completely formed within 12 h fol-
lowing endothelial cell plating (Lawley & Kubota 1989).
More recently, a growth factor reduced Matrigel, in which
the levels of cytokines and growth factors have been mark-
edly reduced, has become available and avoids problems
associated with the over-stimulation of endothelial cells that
occurs in standard Matrigel (Figure 3a). However, although
Matrigel has been shown to direct endothelial cells along the
differentiation pathway (Fawcett 1994), there is some debate
as to whether tubules generated on Matrigel represent capil-
laries, as the presence of lumen has been shown by some
groups using electron and light microscopy (Grant et al.
1991; Connolly et al. 2002) and disputed by others who
could not observe lumen (Bikfalvi et al. 1991). Interestingly,
it appears that the mechanisms involved in the differentia-
tion of endothelial cells to form tubules are at least partly
dependent upon the matrix the cells are plated onto (Zimrin
et al. 1995; Cockerill et al. 1998; Segura et al. 2002); there-
fore, to confirm the action of any test substance, the assays
should be performed on more than one matrix. It should

also be noted that other non-endothelial cell types including

(b)

Figure 3 Tubule formation assays. (a) Appearance of HDMEC
forming tubules when plated onto GF-reduced Matrigel in the
absence (i) or presence (i) of VEGF (10 ng/ml). (b) Appearance
of tubules complete with lumen (star) formed by endothelial
cells on microcarrier beads in a fibrin gel.
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primary human fibroblasts, human prostate carcinoma cell
line (PC3) and glioblastoma cells (U87-MG) have been
shown to form ‘tubules’ on Matrigel (Donovan et al. 2001)
and therefore the results should interpreted with caution.
Moreover, care must be taken in setting up the assays using
the optimum amount of matrix to ensure an even coating on
the well, and the correct density of endothelial cells, both of
which may affect the tubule response to growth factors (Liu
et al. 2002).

Four primary variables are commonly used to determine
the extent of tubule formation, namely average tubule
length, number of tubules, tubule area and number of
branch points. Each of these variables can be measured man-
ually or by using image analysis programs. However, care
must be taken to ensure that the tubules are distinguished
from the undifferentiated proliferating islands of cells and
the background when using image analysis software. More-
over, it is possible that tubule area can actually decrease
under angiogenic conditions when cells are plated at high
density (Liu et al. 2002). Interestingly, different factors will
affect different parameters of tubule formation and therefore
all four parameters should be measured from a single experi-
ment.

This method has been adapted for 384 and 1536 well for-
mats using complicated computational analysis (Sanz et al.
2002), which eliminates some of the problems with respect
to reproducibility and difficulties in analysing the whole
well. However, the majority of laboratories use a 96-well
format and a semi-computational analysis as this is more
affordable. The lack of consistent lumen formation and the
homogeneous nature of the tubules are major limitations of
this assay.

It is also possible to use Matrigel, collagen and fibrin clots
to generate 3D tubule formation assays in an attempt to
provide an in vitro model of tubulogenesis that more closely
mimics the in wvivo situation. The most commonly used
of these assays sandwiches endothelial cells between layers
of matrix (Matrigel, collagen or fibrin). For the first 7 days of
the assay, the cells form tubules in the horizontal plane, but
by day 15 the endothelial tubules branch upwards and pene-
trate into the gel to form a 3D network of tubules (Gagnon
et al. 2002). An alternative is to coat microcarrier beads
with endothelial cells and then to disperse the beads
throughout the gel (fibrin clots are most commonly used for
this) and in 7 days, tubules will form (Sun ef al. 2004) (Fig-
ure 3b). However, one limitation of this assay is that the mi-
crocarriers can sink to the bottom of the gel. A further
limitation common to all the 3D assays is that the gel has to
be relatively thin to allow the diffusion of oxygen and nutri-
ents; otherwise excessive cell death occurs. While these

assays do most closely mimic the i vivo situation, analysis
of the tubule formation in three dimensions remains a chal-
lenge. The analysis involves taking images at different
heights within the gel and the length (width and height) and
the largest diameter of each vessel are measured (Gagnon
et al. 2002). Alternatively, gels can be fixed, dehydrated,
sliced into 5-um sections and stained with haematoxylin and
eosin (Ilan et al. 1998). The microvessel density can then be
assessed in each slice, or at different heights through the gel
by using an eyepiece mounted 25-point Chalkley array grati-
cule and counting the number of points on the Chalkley grid
coinciding with tubules (adapted from Fox et al. 1995). The
limitations are obvious with only a proportion of tubules,
area or volume of the gel being analysed. Moreover, these
assays take considerably longer to run (5-15 days).

Another form of tubule formation assay involves the co-
culture of endothelial cells with stromal cells, with or with-
out the provision of an ECM (Montesano et al. 1993; Nehls
& Drenckhahn 1995; Bishop et al. 1999). The stromal cells
used can be fibroblasts, smooth muscle cells or blood vessel
explants (see later) containing numerous cell types (Nicosia
& Ottinetti 1990; Sakuda et al. 1992). When human fibro-
blasts are co-cultured with endothelial cells, the fibroblast
secretes matrix components that act as a scaffold and
enables the endothelial cells to form tubules that contain
lumen, with more heterogeneous pattern of tubule lengths,
which more closely resemble the capillary bed in vivo
(Bishop et al. 1999; Donovan et al. 2001). This assay is time
consuming (12-14 days) and, as the matrix components
secreted by the fibroblasts have not been defined, this assay
is less well-characterized. Analysis is usually limited to fixing
and staining the endothelial cells and then carrying out anal-
ysis of tubule length, number of tubules and branch points.
An alternative method of analysing tubule formation in this
assay is to use an alkaline phosphatase-coupled anti-CD31
antibody linked to a soluble chromogenic substrate and then
using an ELISA (Friis et al. 2003); however, this will only
measure changes in cell number, not differentiation per se.
An alternative co-culture differentiation assay is the colla-
gen-bilayer system, which has a layer of collagen containing
fibroblasts or epithelial cells followed by a layer of cell-free
collagen and then finally endothelial cells are seeded on top.
Tubule development occurs in 15-20 days, is in three dimen-
sions and is recorded using a phase contrast microscope and
a camera (Montesano et al. 1993). Quantification of this
assay is difficult because of the three dimensional nature and
there are problems with gel thickness leading to the death of
the fibroblasts or epithelial cells.

There is no doubt that there is a great deal of choice when
it comes to differentiation assays. The main differences
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between the 2D differentiation assays are the choice of
matrix on which the endothelial cells differentiate (collagen,
fibronectin, fibrin or Matrigel), and the choice of the most
appropriate matrix will depend upon the type of angiogene-
sis being studied, e.g. fibrin would be the most appropriate
for wound healing where endothelial cells migrate into a
fibrin clot as part of the healing process. While a 3D assay
is likely to be more representative of angiogenesis in vivo
than the 2D assays, there are technical challenges in both
setting up the assays and in fully analysing them. The co-
culture assays have the advantage of including supporting
cells (usually fibroblasts), which secrete a matrix for the
endothelial cells to differentiate upon; however, as this assay
lasts up to 2 weeks, the results measure proliferation as well
as differentiation. The limitation of all the assays is the time
consuming nature of the analysis, which means that
although the most reliable results are likely to be obtained
by using at least one 2D and one 3D assay, in reality the
majority of groups use a single 2D differentiation assay.

Endothelial-Mural cell co-culture assays

After endothelial cells have coalesced to form tubules, mural
cells are recruited to maintain vessel quiescence and stability,
and therefore an essential part of the study of angiogenesis
is the interaction between endothelial and mural cells. The
simplest co-cultures involve seeding the cells simultaneously
or allowing one cell to adhere type first and then seeding the
second cell type on top. In order to assess the influence of
one cell type on the other’s behaviour, it is necessary to label
at least one population prior to seeding (Hirschi et al.
1998). Fluorescently labelled cells are especially useful as
they enable the monitoring of cell behaviour (migration,
proliferation, tubule formation) in real time over the course
of the experiment. In order to assess the effect of one cell
type on the proliferation of the other, the cells can be
labelled in situ in the co-culture well with BrdU and then
fixed and immunostained with antibodies against BrdU to
identify proliferating cells in combination with co-staining
with cell type specific markers to enable the growth of each
population to be quantified (Hirschi et al. 1999). Such
assays have been used to study the effects of endothelial cells
on mesenchymal cell differentiation (Hirschi et al. 2001) and
the analysis of gap junctions (Hirschi ef al. 2003) using a
dual whole-cell voltage clamp to determine to what extent
fluorescently labelled endothelial cells communicate specifi-
cally via gap junction channels and the impact on endothe-
lial-induced mural cell differentiation. The addition of cells
from a genetically altered background can greatly enhance
the usefulness of this assay as a tool for identifying any sig-
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nificant interactions between endothelial and mural cells in
angiogenesis. This method is simple to set up and analyse
using simple labelling techniques; however, it is not possible
to assess the extent of cell-cell interactions mediated via dif-
fusible paracrine factors released by one cell type or directed
migration of cells, as the two cell types are dispersed evenly
through the culture dish.

Alternatively non-contact co-culture assays can be used
such as the ‘under agarose assay’ where agarose is set in a
well, two holes are punched and the different cell types
seeded into each hole where they attach to the bottom of
the well. Over time, the cells migrate towards each other
under the agarose (Hirschi & D’Amore 1998). The alterna-
tive to this is the transwell where one cell population is pla-
ted on the bottom of the well and the other population is
plated on the insert so that the second cell type are sus-
pended above the first. Both co-culture types allow for the
exchange of soluble diffusible signals that can modulate
growth and migration, which can both be measured using
methods described previously. Specific neutralizing reagents
can be added to determine whether the cellular effects are
suppressed. The under agarose assay has the advantage that
if the cells are left in culture for 5-7 days, the cell types can
come into contact with one another and the effects of cell-
cell interactions on cell phenotype can be monitored (Hirschi
et al. 1998).

Like the tubule formation assays, endothelial-mural cell
co-culture assays in three dimensions have been developed.
The first method used was a spheroid method where endo-
thelial cells and mural cells are seeded together in non-
adherent round bottom 96-well plate and spheroids will
form between 1 and 4 days (Korff ez al. 2001). However,
unlike the in vivo situation, the mural cells are in the middle
and the endothelial cells have not formed tubules. The alter-
native method is similar to the 3D tubule assays where
endothelial and mural cells are sandwiched between layers
of Matrigel and tubules invade into the Matrigel (Darland
et al. 2003). This model more closely resembles the in vivo
phenotype where mural cells are recruited by endothelial
cells to form a supporting mural cell layer. However, there
are technical challenges associated with these assays, and
conditions of flow, which also alter endothelial cell pheno-
type (Akimoto et al. 2000), have not been included.

While the use of mural-endothelial co-cultures are
undoubtedly advantageous in revealing information regard-
ing the interaction between the cell types, it is important to
consider the question being asked before choosing which of
these assays to use. Direct contacting assays will enable the
evaluation of the direct effects of one cell type on another,
whilst the non-contacting assays enable measurement of
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substances released by the cells. Although the assay most
representative of the iz vivo situation is undoubtedly the 3D
Matrigel sandwich tubule assay, this is difficult to analyse
fully, and does not reveal information about soluble diffus-
ible signals released from each cell type.

Ex vivo assays (organ culture)

The recognition that angiogenesis iz vivo involves a network
of endothelial cells and their surrounding cells in constant
communication with the microenvironment has led to the
development of organ culture methods in an attempt to eval-
uate this complex process. These ex vivo assays are all simi-
lar, in that segments, discs or sections of the specific tissue
type are cultured in a three dimensional matrix iz vitro and
are monitored for microvessel outgrowths over a period of
10-14 days. Quantification in these assays is challenging
and needs to be standardized to allow interpretation of
results. In general, quantification is achieved by measuring
the number and length of microvessel outgrowths from the
primary explants (Nicosia et al. 1997), although in practice
as the outgrowths are often clustered together, the area cov-
ered by outgrowth is more commonly measured. Accurate
quantification requires determining the number and length
of branching microvessels, the size and form of the original
tissues, and the number and spatial distribution of fibro-
blast-like cells (Blacher et al. 2001). These are counted by
eye (number of vessels and branch points; Brown er al.
1996) or digitally (area, sprouting index (ratio between area
of outgrowth and area of original tissue), or the mean area
density; Kruger er al. 2000), however, length and width of
the microvessels should also be taken into account (Go &
Owen 2003). A thin preparation modification of the assay
allows for the staining of aortic outgrowths as whole
mounts thereby easing quantification (Zhu & Nicosia 2002).

These explant assays are considered by many to essentially
simulate the in vivo angiogenesis environment because the
system includes the surrounding non-endothelial cells (such
as smooth muscle cells and pericytes) and a supporting
matrix. In addition, the endothelial cells have not been
altered by repeat passaging and are thus quiescent at the
time of explantation making the system more representative
of the in vivo situation where angiogenesis is stimulated and
quiescent endothelial cells respond by proliferation, migra-
tion from the existing vessels and differentiating into tubules
(Staton et al. 2004a). However, the model is not entirely
representative of the microvascular environment encountered
during disease states, such as tumour growth, as the large
number of different factors released by tumours and the
tumour cells themselves are not present (Auerbach et al.

2000). Nonetheless, this assay has the advantage of low
cost, easy manipulation of treatment conditions, lack of
inflammatory complications seen with iz vivo models, and
the possibility of generating many assays from one animal as
approximately 30 rings may be obtained from each isolated
rat aorta (Kruger et al. 2001).

Although the aortic ring assay is the most commonly used,
there are reported problems with variability of results
between explants from different animals, which is why the
adaptation to generate 30 rings from one animal is so valu-
able (Kruger et al. 2001). The porcine carotid artery explant
assay is considered an improvement on the rat aortic ring
assay, as the larger pig vessel enables greater numbers of
assays to be performed from one animal thus eliminating
statistical variation between animals (Stiffey-Wilusz et al.
2001). However, this has the obvious drawback that the sin-
gle donor may not be truly representative of the population.
A modification of this assay with aortic fragments from mice
has been used to show differences in aortic disc angiogenesis
in tumour bearing vs. non-tumour bearing mice, as well as
differences when mice are treated with an oral anti-angio-
genic agent (Berger et al. 2004). Moreover, the mouse aortic
assay can be used to study differences in gene function in
transgenic or knockout mice (Devy et al. 2002). However,
angiogenesis is a microvascular process, and therefore the
use of large vessels in these assays is far from ideal.

A further modification of the rat aortic ring assay is the
chick aortic arch model (Muthukkaruppan er al. 2000),
which has the advantage of being a rapid experiment that
can be carried out in serum-free conditions. Embryonic arch
endothelial cells share many properties with microvascular
endothelial cells, however, these aortic arches are derived
from growing embryos, and hence will be proliferating prior
to explantation and are therefore not truly representative of
the stimulation of non-proliferative endothelial cells that
occurs in vivo. An alternative assay is the use of 17-day-old
foetal mouse metatarsals, which contain microvascular endo-
thelial cells in the perichondrium and when cultured in med-
ium containing serum, the dissected metatarsals show vessel
outgrowth after 10 days of culture, which stain positively
for endothelial cell markers (Deckers et al. 2001). However,
like the chick aortic arch assay, these metatarsals are derived
from growing embryos, which undergo rapid cell division
before explantation and exposure to angiogenic mediators.

The most recent development of an ex vivo model has
focused on angiogenesis and the relevance of using vena
cava explants, as angiogenesis typically originates from the
venous side of the vascular bed (Folkman 1982). A vena
been developed with

cava—aorta model has therefore

rings cut from both the aorta and vena cava of an animal
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explanted in the same culture dish. This adds an additional
layer of complexity while closely mimicking the environment
in vivo where both venous and arterial vessels are present.
The main challenges are the technical difficulty in acquiring
the vena cava tissue, and the fact the venous explants have a
tendency to collapse (Nicosia et al. 2005). It remains to be
seen whether this co-culture system is a more sensitive assay
and better screening tool for evaluating potential anti-angio-
genic agents.

A major problem with all the assays described so far is
the use of non-human tissues, which questions their applica-
bility as preclinical screening assays, because the responses
seen with various drugs/test substances may be species spe-
cific. In an effort to overcome this species-specificity issue,
human explant models have been developed using human
placental or umbilical blood vessels and saphenous veins
(Brown et al. 1996; Jung et al. 2001; Kruger et al. 2000;
Figure 4). However, as the outgrowth of endothelial cells in
these explants is derived from large vessels, whether this
type of assay is truly representative of in vivo angiogenesis
remains an issue.

In vivo assays

The wide range of in vitro and ex vivo assays discussed in
the previous sections are in common use for investigating
angiogenesis, however, care must be taken with interpreta-
tion and comparisons between different assays published by
different groups are often difficult because of differences in

Figure 4 Formation of tubules from a human umbilical artery.
The umbilical artery is cultured in full growth medium and the
appearance of tubules sprouting out from the artery can clearly
be seen (ringed by a dotted line).
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the origin of endothelial cells, passage number, substrates
and media composition used. Interestingly a substrate, which
has efficacy in vitro, may not show any activity in vivo
(Liekens et al. 2001) and vice versa, with some compounds
showing little efficacy in vitro having strong activity in vivo.
Therefore, the in vivo evaluation of agents is a vital step in
drug development and the current iz vivo assays are
described in the following sections.

Chick chorioallantoic membrane assay

The chorioallantoic membrane (CAM) of the chick presents
an accessible system in which to study angiogenesis in vivo.
As the chick is a living system, although it is simple, this
model provides a more physiological system for in vivo anal-
ysis of cells, pathogens and pharmacological reagents than
the in vitro systems previously described. The CAM is read-
ily accessible outside the embryo and provides a technically
simple way of studying complex biological systems. The
chick is relatively immunotolerant, which enables the study
of cross-species xenografts including tumours (Vogel &
Berry 1975), cultured human cancer cells (Auerbach et al.
1975) and mammalian tissue explants (Ausprunk & Folk-
man 1976) for extended periods of time. Alternatively, a test
substance can be placed on the CAM, through a window
cut carefully in the eggshell, in either slow release polymer
pellets, in gelatin sponges or air-dried onto filter discs. There
are two main methods of accessing the CAM, one is by
allowing the embryo to develop in the shell and then cutting
a window in the shell, and the other is to culture the embryo
in a Petri dish, without the shell (Zijlstra et al. 2006). Both
techniques are minimally invasive, and while the ‘in shell’
technique requires less maintenance and embryos can be
maintained to later stages of development, the ‘ex ovo’
method provides improved access to the test site, improving
the ability to repetitively treat or to have multiple test sites
on one CAM, and image a wider area of the CAM. Angio-
genesis is typically allowed to proceed for 3 days, although
longer time periods have been used. The measurement of
angiogenesis occurs by removal of the area of CAM around
the filter disc or xenograft and then use of a dissecting
microscope to count the number of vessels, number of
branch points or alternatively to score the vascularity on a
semi-quantitative scale of 0—4.

There are many advantages to the CAM assay including
the fact that it is relatively simple and inexpensive and there-
fore suitable for large-scale screening. The CAM is also ame-
nable to biochemical analysis and extracts of CAM have
been used to demonstrate signalling events in vivo (Alavi
et al. 2003). Furthermore, it is possible to apply test
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substances directly or via intravenous or intra-allantoic
injections, and the lack of excretion permits maintenance of
the test reagents in circulation for extended periods. In addi-
tion, accessibility of the CAM permits serial application to
be easily performed. However, there are also important limi-
tations that must be taken into account. The CAM itself is
well vascularized; hence, to distinguish new capillaries from
the existing ones can prove difficult. Moreover, as develop-
mental angiogenesis occurs within the CAM up to 11 days,
results obtained from embryos younger than this have the
additional complication that unspecified interactions with
endogenous factors may be affecting angiogenesis. There-
fore, in most cases it is preferable to wait until day 11. Fur-
thermore, chemical or physical irritation of the CAM,
including shell dust generated whilst cutting the window in
the shell, can lead to an inflammatory response, which in
itself may induce angiogenesis, thereby hampering identifica-
tion of the specific responses to the test substance. It is often
necessary to wait 3 days after making the window before
adding the test substance to check for an immune response
or alternatively add an anti-inflammatory agent to the filter
discs prior to their use. However, overt suppression of
inflammation may not always be desirable, especially as
some angiogenic stimuli work in concert with the inflamma-
tory response (Leibovich et al. 1987). Finally, the membrane
is sensitive to changes in oxygen tension, making the sealing
of the window a vital part of the procedure (Auerbach et al.
2000).

Zebrafish

Zebrafish (Danio rerio) is a small tropical freshwater fish
that under optimal conditions yield hundreds of embryos per
mating. These large numbers and the optical clarity of the
developing embryos facilitate the study of development and
angiogenesis. The zebrafish share many genes and mecha-
nisms of angiogenesis regulation with mammals, making this
organism a useful system in which to analyse the develop-
ment and function of the vasculature (Rubinstein 2003). The
formation of the intersegmental vessels and the subintestinal
veins in early embryos is well characterized and easily moni-
tored (Isogai et al. 2001) making them suitable for the study
of angiogenesis inhibitors. However, there has been some
debate as to whether angiogenesis or vasculogenesis is being
measured, as these processes are not separated definitively or
temporally in the developing embryo. The dorsal aorta and
posterior cardinal vein are formed by vasculogenesis (Zhong
et al. 2001) while the intersegmental vessels are thought to
be formed by angiogenesis. However, it is possible that in
the formation of the intersegmental vessels, angioblasts may

not differentiate into endothelial cells prior to sprouting in
which case intersegmental vessels would be formed by type
IT vasculogenesis (Childs et al. 2002). There is less debate
over the subintestinal veins, which are commonly accepted
to be formed by angiogenesis and are increasingly commonly
studied (Zheng et al. 2007).

The embryos are inexpensive to generate and easy to
maintain long-term, with hundreds of offspring produced
each week making it possible to perform large-scale screen-
ing studies. It is also possible to undertake specific gene
knockdown by antisense morpholino oligonucleotides,
which allows rapid assessment of gene function in angio-
genesis (Currie & Ingham 1996). Moreover, the experi-
ments are relatively short, requiring only small amounts of
drug per experiment and do not require great technical
expertise. The method used for the treatment depends on
the characteristics of the drug in question as small lipo-
philic compounds can simply be added to the water and
will be absorbed by the fish whereas peptides/proteins have
to be injected into the yolksacs of the embryos. As the
embryos develop outside the mother and are transparent,
direct observation and quantification of blood vessel forma-
tion is straightforward using a low-power microscope
(Lawson & Weinstein 2002).

In order to visualize the developing vasculature, a number
of different techniques have been employed including dye
injection, which will highlight patent vessels, although the
correct size of the dye must be used as small molecular
weight dyes leak through permeable endothelial junctions.
Alkaline phosphatase (AP) staining is an accepted method
for staining endothelial cells, as these cells express relatively
high levels of endogenous AP activity (Childs et al. 2002).
However, this method is the most useful in early embryos
(up to 3 days old) and can only be performed on fixed tis-
sue. Until recently, Confocal microangiography has been one
of the most powerful tools for visualization of the zebrafish
vasculature (Weinstein ef al. 1995). Briefly, 0.02-pum fluores-
cent microspheres are injected into the vasculature of living
animals and the entire vasculature can be observed using
confocal microscopy (Chico et al. 2008). However, early
steps in vasculogenesis and growing but not yet lumenized
angiogenic blood vessels cannot be observed.

More recently, transgenic zebrafish with green fluorescent
protein expressed under the control of promoters specific for
the developing vasculature have been generated including
Fli-eGFP (Lawson & Weinstein 2002), mTie2-GFP (Motoike
et al. 2000) and Flk-GFP (Cross et al. 2003). Of these differ-
ent transgenics, the Fli-eGFP has the strongest fluorescence,
although there is neural crest expression, which can obscure
visualization of vessels in the head (Lawson & Weinstein
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2002). The advantage of these fluorescent transgenic fish is
that high optical resolution imaging of the vasculature in
developing animals can be clearly observed over time. A
combination of the Fli-eGFP zebrafish injected with red fluo-
rescent microspheres enables the observation of flow within
the newly forming vessels (Chico ef al. 2008; Figure 5).
Alternatively, a transgenic zebrafish where erythrocytes are
specifically labelled with dsRED, a red fluorescent marker
(GATA1-dsRED) has recently been crossed with Fli-eGFP
fish to generate a double transgenic (Fli-eGFP/GATA-
dsRED) whereby the blood vessels can be observed as green
and the erythrocytes as red enabling confocal movies of
blood flow to be generated (Gray et al. 2007). Tumour
angiogenesis has also been observed in transgenic Fli-eGFP
zebrafish by injecting fluorescent tumour cells close to the
developing subintestinal veins, into the yolk sac, hindbrain
ventricle or circulation (Haldi et al. 2006; Stoletov et al.
2007). In each case, the tumours grow and stimulate angio-
genesis, which can clearly be seen by confocal microscopy.
However, the relevance of fish endothelial cell angiogenesis
in human tumour xenografts is under debate.

Figure 5 Angiogenesis in the zebrafish embryo. A confocal
image of a Fli-eGFP zebrafish embryo showing green blood ves-
sels at 48 h postfertilization. dSRED microspheres were injected
into the sinus venosus allowing time lapse confocal laser imag-
ing along with digital motion analysis to track the passage of
the dsRED microspheres through the zebrafish circulation. Scale
bar, 200 um. A, anterior; ISV, intersegmental vessels; P, poster-
ior; SIV, subintestinal veins; SV, sinus venosus; Y, yolksac.
Image courtesy of Russell Hughes, Philip Ingham & Claire
Lewis, University of Sheffield, UK.
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Implantation of sponges and polymers

A variety of implanted devices into an animal (commonly
mice) have been used for a number of years to study angio-
genesis, which allow modulation of the environment in
which angiogenesis occurs. The materials utilized have
included stainless steel mesh chambers (Schilling et al.
1959), hollow chambers with porous walls (Sprugel et al.
1987), synthetic sponge matrix (polyvinyl alcohol, polyester
and polyurethane) implants or Matrigel plugs (Kleinman
et al. 1987).

Matrigel is liquid at 4 °C and forms a solid gel at 37 °C.
The test substance can be suspended in the gel, which is then
injected subcutaneously where it forms a solid plug allowing
the slow release of the substance (Passaniti et al. 1992). The
use of growth factor reduced Matrigel has significantly
reduced the problem of the growth factors present within
the Matrigel masking the effects of the test substance. A
more recent improvement to the assay is the encapsulation
of the Matrigel in a plexiglass chamber or within flexible
plastic tubing prior to subcutaneous implantation (Kragh
et al. 2003; Ley et al. 2004; Baker et al. 2006). The angio-
genic response is quantified by (i) sectioning the Matrigel
and assessing the extent of the CD31-positive vessel growth
into the plug or (ii) measuring the haemoglobin content of
the plug. However, neither of these are ideal as sectioning
and immunohistochemical staining are time consuming and
costly, and haemoglobin content could be increased because
of haemorrhage within the plug. An alternative method is
the use of FITC-dextran injected into the animals followed
by quantification of the FITC-dextran within the implant,
which is considered an improvement over the haemoglobin
content (Plunkett & Hailey 1990). Matrigel has the advan-
tage that it is a natural substance providing a natural envi-
ronment in which to initiate an angiogenic response,
however, it is costly, analysis is time consuming and because
of the presence of growth factors and cytokines (even in the
growth factor reduced Matrigel) the extrapolation of results
should be made with caution.

A variety of implanted sponges and polymer matrices,
which provide an environment of defined dimensions, have
been used to induce and study angiogenesis. However, the
implants do become encapsulated and elicit the formation of
foreign body giant cells (fused macrophages), which secrete
angiogenic cytokines, thereby interfering with the test sub-
strate. The intensity and speed of the tissue response elicited
by the sponge depend on several factors including the size
and type of the sponge material (Salvatore er al. 1961). The
sponge implant technique has been used to study the forma-
tion of fibrovascular tissue measuring neovascularization and
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wound healing (Edwards et al. 1960), collagen metabolism
(Paulini et al. 1974), fibronectin deposition (Bollet et al.
1958), kinetics of cellular proliferation (Davidson ez al.
1985), evolution of granulation tissue (Holund et al. 1979),
the extent of neutrophil and macrophage accumulation into
the sponge compartment (Belo et al. 2004; Ferreira et al.
2004). However, it should be pointed out that some of these
will be because of the sponge material itself and not necessar-
ily the test substrate injected into the sponge. These non-spe-
cific immune responses can lead to an angiogenic response,
so care needs to be taken when interpreting the results. Neo-
vascularization in these models is measured in a variety of
ways including immunohistochemical staining (e.g. CD31 or
ICAM-2; Solowiej et al. 2003; Baker et al. 2006), the
blood/haemoglobin content of a sponge or the levels of a
radioactive tracer in the blood (Plunkett & Hailey 1990). A
cannulated version of the sponge model was first described in
1987 (Andrade et al. 1987) in which direct blood flow mea-
surement was achieved by a '**Xe clearance technique, and
this method has been further modified by using fluorescein in
conscious animals to measure the local blood flow. This has
been used in combination with tumour cells implanted within
the sponge to monitor tumour-induced angiogenesis (Mahad-
evan ef al. 1989; Lage & Andrade 2000). The advantage of
these techniques is that angiogenesis can be measured in a
conscious animal without the need for anaesthesia. However,
determination of blood flow is limited to fixed time points
and damage of the neovasculature after injection of the trac-
ers often occurs. Other limitations to this method include an
inflammatory response, excessive matrix deposition and
unwanted fibrosis and a wide variety in responses caused by
different materials used (size, structure, porosity, composi-
tion, etc.) making results difficult to interpret. Despite these
disadvantages, the relative ease of set up, and the ability to
incorporate methods to assess blood flow, as well as the pos-
sibility of obtaining a large amount of data from this model
make it versatile and powerful.

Corneal angiogenesis assay

The cornea is the only avascular transparent tissue in the
body, so any vessels penetrating from the limbus into the cor-
neal stroma are newly formed, readily visible and can be
quantified (Gimbrone et al. 1974; Muthukkaruppan & Auer-
bach 1979). As almost all types of corneal injury induce neo-
vascularization, many experimental techniques including
chemical cauterization, intrastromal injection, mechanical
scraping of the limbal epithelium, intracorneal suture, surgi-
cal grafts and most commonly micropockets with implanta-
tion of slow release pellets have been employed in the

development of corneal angiogenesis assays (Shan & Dewh-
irst 2006). The original experiments investigating tumour-
induced neovascularization in a corneal pocket used tumour
fragments implanted in the rabbit corneal pocket (Gimbrone
et al. 1974), which has since been adapted for use in guinea
pigs, rats and mice (Muthukkaruppan & Auerbach 1979;
Fournier et al. 1981; Hori 1990). Substances used within the
pocket have included tumour tissue, tumour cells, tumour
cell extracts, other tissues and cells, concentrated conditioned
medium, and more recently purified/recombinant cytokines
and/or growth factors incorporated into slow release pellets
(Conn et al. 1980; Fournier et al. 1981; Gross et al. 1981;
D’Amato et al. 1994; Lingen et al. 1996). It is then possible
to treat the animal with a test compound via systemic admin-
istration, topical application in eye drops and/or a combined
pellet. The route used will depend upon the characteristics,
bioavailability and pharmacokinetics of the test compound.
Systemic administration has the advantage that it is more
clinically relevant and is ideal for use as a preclinical investi-
gation (Volpert et al. 1998; Shaw et al. 2003).

The vascular response of the cornea is usually achieved by
perfusion of the cornea with fluorescent dye or india ink to
visualize the blood vessels. The corneas are removed and
flattened onto slides, which are imaged at low power on a
microscope. While some authors simply score the neovascu-
larization as positive or negative based on certain criteria
(Polverini et al. 1991), it is possible to quantify different
parameters such as vascularized area (often expressed as per-
centage of the whole cornea), the circumference, vessel
length, vascular density and capillary diameter (Shan ez al.
2001; Sarayba et al. 2005). However, it is important to note
that some parameters are not always proportional and there-
fore it is advisable to analyse more than one endpoint to
obtain the maximum information from each single experi-
ment. The assay is reliable and readily quantifiable, but is
expensive, time consuming and technically demanding with
surgery becoming more difficult as the eye size decreases;
although use of mice makes the assay cheaper and more
adaptable with transgenic or knockout mice readily avail-
able, rats are easier to use. As the processes of corneal neo-
vascularization involve numerous interactions within the
cornea, it is possible that different pathways of angiogenesis
are involved following different experimental techniques, for
example, one study showed that o,B; antagonists inhibited
bFGF induced corneal angiogenesis, but not angiogenesis
induced by chemical burn (Klotz ez al. 2000). Moreover, as
angiogenesis is not the same in different tissues and the cor-
nea is naturally avascular, there are some questions as to the
relevance of using corneal angiogenesis assays for investigat-
ing tumour angiogenesis, for example.
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Dorsal air sac model

The dorsal air sac model was first proposed by Oikawa and
colleagues who showed that the simple implantation of a
chamber ring loaded with tumour cells causes angiogenic
vessel formation on the murine skin attached to the ring
(Oikawa et al. 1997). The Millipore chamber ring is 1 cm in
diameter and nitrocellulose filters (0.45 um pore size) are
secured on both sides of the ring and the resultant chamber
carefully filled with a tumour cell suspension. The dorsal air
sac is prepared in anaesthetized mice by lifting the dorsal
skin and injecting air (about 8 ml) into the back and then
the chamber is implanted through a transverse section cut
on the back followed by suturing. Tumour-induced angio-
genesis on the skin attached to the chamber ring is readily
quantifiable by day S5 after implantation. Although this assay
is relatively simple to perform, the surface upon which the
chamber is placed must not be irritated, otherwise this may
itself induce angiogenesis, thereby masking the vessels
formed because of the tumour cells.

Following treatment with a compound of interest, the
chamber is carefully detached from the skin exposing the
newly formed blood vessels, which are extremely fragile.
Angiogenesis is assessed using a dissecting microscope to
count vessels or photographs of the skin for quantification
of vessel density. However, it is sometimes difficult to distin-
guish the pre-existing vessels from the new vessels using this
simple analysis. More recently, Evans blue has been injected
into the mice, which leaks out of the angiogenic vessels
thereby accumulating in the interstitial spaces, but is
retained within the pre-existing vessels. The accumulation of
the dye is then assessed as a semi-quantitative measure of
angiogenesis (Yamakawa et al. 2004). It is also possible to
measure blood volume in the angiogenic skin by determining
the amount of *'Cr-labelled erythrocytes circulating in the
skin (Funahashi et al. 1999) using a gamma counter. How-
ever, all these methods have their disadvantages, most espe-
cially the difficulty of measuring angiogenesis directly and
distinguishing the new blood vessels from the old. Despite
that, the simplicity of this method and its adaptability
enabling the implantation of tumour cells manipulated to
over or under express a certain factor or to load the ring
with a single test substance (Hamada et al. 2004) make it a
useful assay for studying the mechanisms of angiogenesis.

Chamber assays

In vivo imaging of angiogenesis within a transparent cham-
ber enables determination of whether a newly formed blood
vessel is perfused and contributing to tissue oxygenation
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(Vajkoczy et al. 1999). It is possible to observe the vascula-
ture using light transillumination (if the tissue is less than
300 pm thick), epi-illumination microscopy or intravital
microscopy of various acute preparations where the organs
can be made accessible. However, as angiogenesis is a pro-
cess which lasts over days or weeks, acute preparations are
not appropriate for the study of angiogenesis and instead the
implantation of a transparent chamber is used. The first
transparent chamber preparation was the rabbit ear cham-
ber, which was then adapted for use in mice to quantify
structural and functional changes in the neovasculature of
tumours (Algire 1943). However, the major drawback of the
early studies was the presence of newly formed granulation
tissue within the chamber, which influenced the results seen
with the tumour implants. Moreover, the rabbit skinfold
chamber is expensive for routine use, and a period of
4-6 weeks must pass after surgery before the test substance
can be placed within the chamber.

An alternative method, using the dorsal skinfold as a
chamber implantation site has been adapted for mice, rats
and hamsters (Papenfuss et al. 1979; Endrich ez al. 1980;
Lehr et al. 1993). In this model, two symmetrical frames are
implanted into the dorsal skinfold of the animal, to sand-
wich the extended double layer of skin; one layer is com-
pletely removed exposing the other layer, which is protected
by covering with a glass cover slip incorporated into one of
the frames (Figure 6; Menger & Lehr 1993). In contrast to
the rabbit ear chamber, a recovery period of only 48 h is
ideally allowed to overcome any vascular changes caused by
the surgery. It is possible to temporarily remove the cover
slip for the implantation of tumour cells or transplants into
the chamber ready for neovascularization (Laschke et al.
2006). However, this preparation has the disadvantage that
although the tumours can grow in three dimensions, growth
is restricted in one direction by the cover slip. An adaptation
of this model is the implantation of mouse metatarsals into
the chamber in order to observe revascularization of the
bone (Rothenfluh et al. 2004). This was further adapted to
look at the early stages of tumour metastasis to the bone by
observing the homing of fluorescently labelled tumour cells
into the metatarsal within the chamber (Reeves et al. 2008).
The major advantage of these models is that the chambers
can be used for repeated intravital microscopic microcircula-
tory studies in unanaesthetized animals over a time period
of 34 weeks and the chambers do not provoke angiogenesis
or granulation tissue formation (Menger & Lehr 1993).
Moreover, analysis of identical blood vessels over time is
possible. Trans illumination techniques are used to study
microvascular and microcirculatory parameters such as ves-
sel diameter, density and blood flow (Menger et al. 2002),
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while epi-illumination fluorescence techniques enable addi-
tional in vivo analysis of associated parameters including
platelet adhesion (Menger & Lehr 1993), vascular perme-
ability (Bingle et al. 2006), gene expression (Brown et al.
2001), and erythrocyte flow (Reyes-Aldasoro et al. 2008).
During monitoring, the animal is restrained with the win-
dow in the correct position for direct microscopical observa-
tion and areas of interest are recorded onto DVD for off-
line analysis with an appropriate computer image analysis
software package. The ability to measure so many parame-
ters simultaneously and repeatedly in a living conscious ani-
mal makes this a very valuable tool for the study of
angiogenesis under many conditions including physiological
wound healing and tumour growth.

The disadvantage of the skinfold chamber is that it is not
an orthotopic site for many of the tumours studied. There-
fore, the cranial window preparation was generated to pro-
vide an orthotopic brain tumour model (Yuan e al. 1994).
In this preparation, a bone flap is prepared and the underly-
ing dura removed exposing the brain hemispheres. The
tumour specimens, cell suspensions or spheroids can then
directly be placed onto the pial surface of either hemisphere
and the window sealed with a glass cover slip (Vajkoczy
et al. 2002). However, as these tumours are not placed in-
traparenchymally, these are still not truly representative of
spontaneous brain tumours.

The final window chamber preparation commonly in use
is the bone chamber, which until recently consisted of a hol-
low titanium screw allowing access to the bone tissue (Winet
1996). However, this did not provide an adequate observa-
tion area in mice and has recently been adapted to a sand-
wich method whereby the mouse femur is sandwiched in the
chamber and observed by intravital microscopy (Hansen-
Algenstaedt et al. 2005). This model has the advantages that
the bone within the chamber remains biomechanically
active, tumour and metastasis studies can be performed and
both the pre-existing and newly growing vessels can be
observed.

Figure 6 The dorsal skinfold chamber
assay. Neovascularization can be
observed in the chamber using in vivo
microscopy.

These chamber assays have been used to study physiologi-
cal angiogenesis (using implantation of follicles into the dor-
(Vollmar et al. 2001)), tumour
angiogenesis (Bingle ez al. 2006), angiogenesis in endometri-

sal skinfold chamber

osis (by transplanting endometrial tissue into dorsal skinfold
chambers (Laschke et al. 2005), angiogenesis in wound and
bone healing (Vollmar et al., 2002; Hansen-Algenstaedt
et al. 2005), angiogenesis in ischaemia (Harder et al. 2005)
and angiogenesis in tissue engineering (Druecke et al. 2004).
All of the chamber assays have the advantage of allowing
the determination of 3D vessel growth in one animal, usu-
ally while the animal is conscious, over a period of
1-4 weeks. Therefore, separate groups of mice are not
required at each time point thus minimizing the number of
animals. Also, the ability to simultaneously study cellular,
molecular and functional parameters at each time point
makes this an extremely powerful model. However, all
chamber assays are invasive and technically demanding
requiring sophisticated surgical procedures. Furthermore,
quantification of functional parameters is time consuming
and requires computer assisted dynamic image analysis sys-
tems, and the sites do not represent natural environments
for tumour growth and metastasis.

Tumour models

Subcutaneous implantation of tumour cells is one of the eas-
iest approaches for investigating tumour growth and angio-
genesis in vivo and is widely used (Stribbling et al. 2000;
Brown et al. 2002; Staton et al. 2004b). Despite the well
documented differences in microenvironment of subcutane-
ously grown tumours vs. tumours grown at an orthotopic
site (Keyes ef al. 2003), this is a valuable model as tumour
growth can be easily assessed by measuring tumour dimen-
sions regularly and weighing excised tumours at the end of
the study (Stoeltzing et al. 2004; Staton et al. 2007a).
Although angiogenesis cannot be visualized or monitored
daily, if the groups are sufficiently powered, subgroups of
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randomized animals may be killed sequentially for imaging
angiogenesis (Bruns et al. 2000). It is generally advised that
if subcutaneous tumour experiments have promising results
then these results should be confirmed in an orthotopic
tumour model where feasible.

As new anti-angiogenic compounds enter clinical trials,
the question remains as to whether tumours at several differ-
ent anatomical sites will respond similarly to the same agent
(Jung et al. 2002), as organ microenvironment has been
shown to play a critical role in angiogenesis (Wilmanns
et al. 1992). Therefore, it is essential that preclinical models
represent the clinical setting, for example, with colorectal
cancer cells growing in the colon and metastasizing to the
liver (Fidler 1986). Thus a wide variety of orthotopic
tumour models have now been developed for most common
human cancers. In contrast to subcutaneous models, the
injection of the tumour cells is more technically challenging,
and measuring or monitoring tumour growth iz vivo is often
not possible, and tumour take is often low. The use of
tumour cells transfected to express GFP coupled with imag-
ing of the fluorescence can reduce some of these issues and
enable monitoring of tumour growth and the appearance of
any metastases over time (Cross et al. 2008). However,
within these models, metastases may not always occur in the
expected organ sites. Despite these difficulties, however, this
is a useful model for testing angiogenic drugs.

A major disadvantage of all the tumour models described
so far is that tumours are established within a few weeks
after cell implantation, whereas human cancer develops over
a period of several months or years. However, there are
now transgenic mouse models of tumour angiogenesis where
animals overexpress targeted oncogenes leading to spontane-
ous tumour formation over a longer time period. These
include the RIP-Tag mice where over expression of the SV40
Tag oncogene is under control of the insulin regulatory
region (Hanahan 1985). This is a model of pancreatic island
B-cell tumour carcinogenesis, which progresses through a
sequence from hyperplastic islets to invasive tumours and
eventually to metastasis (Hanahan ez al. 1996). Similarly,
there are two murine models of spontaneous breast cancer
currently in use where transgenic mice expressing either the
HER2/neu oncogene (Di Carlo ef al. 1999) or the polyoma
middle T oncogene (Lin et al. 2003) under control of the
mouse mammary tumour virus promoter undergo a multi-
staged tumour development from atypical hyperplasia to
carcinoma in situ and invasive carcinoma with histopatho-
logical and molecular characteristics closely resembling
human breast cancer over a period of several months. We
now know the importance of angiogenesis in early stages of
carcinogenesis (Menakuru et al., 2008; Staton et al. 2007b)
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and the advantage of such models is that each stage occurs
at a particular age of the animal and so studies into angio-
genesis in hyperplasia or in situ disease can be undertaken.

For the tumours to grow beyond a certain size, they
require angiogenesis to obtain oxygen and nutrients and
remove waste products, and thus the potential anti-angio-
genic effects of a new drug can be tested in all the models
described. Moreover, it is possible to establish the effects of
a new drug against well vascularized vs. poorly vascularized
tumours as well as in tumours of vascular origin including
haemangiosarcomas (Sato et al. 1986) and Kaposi’s sarcoma
(Ensoli et al. 1994). Use of the whole animal system also
allows study of the uptake and distribution of a drug candi-
date as well as its efficacy in the same experiment. Further-
more, it is possible to distinguish between anti-angiogenic
(reducing/preventing the formation of new tumour blood
vessels) and anti-vascular (damaging the endothelial cell lin-
ing of the existing vessels) effects of a test substance. In
order to analyse angiogenesis in these models, pathological
examination procedures such as histology and immunohisto-
chemistry are used. The histological analyses include mea-
surements of necrosis and morphology of the tumours
(H&E staining; Brown et al. 2002), thrombosis formation
(MSB stain for the detection of fibrin; Brown et al. 2002),
microvessel density (CD31/CD34 staining with Chalkley
grid counting; Staton et al. 2007a), actively proliferating
endothelial cells (PCNA and/or Endoglin staining; Inoue
et al. 2003) and apoptosis (TUNEL; Inoue et al. 2003). Such
measurements are time consuming and require animal sacri-
fice and therefore preclude ongoing angiogenesis studies in
individual, live, tumour bearing animals. Moreover, it must
be taken into consideration that in experimental tumour
models, the neovasculature is not human and therefore may
react differently to the test compounds than that of human
vasculature (Goldbrunner et al. 2004). Despite these limita-
tions, tumour models are an essential part of current preclin-
ical translational investigations.

Angiomouse

As briefly mentioned in the previous section, Green fluores-
cent protein (GFP) has been used to study orthotopic
tumour angiogenesis, whereby tumours which are transfect-
ed to express GFP are placed in their natural microenviron-
ment and therefore mimic clinical behaviour more closely
than subcutaneous tumours (Cross et al. 2008). These ortho-
topic tumours give rise to spontaneous metastases that target
the same tissues as the original human tumour (Hoffman
1999). In this model, the primary tumour and any metasta-
ses are detected by an intense green fluorescence, which can

Journal compilation © 2009 Blackwell Publishing Ltd, International Journal of Experimental Pathology, 90, 195-221



212 C. A. Staton et al.

be imaged by fluorescence stereo microscopy and captured
on camera (Cross et al. 2008; Figure 7). The non-luminous
angiogenic blood vessels appear as sharply defined dark net-
works against this fluorescent background (Hoffman 2002).
From high resolution images of these networks, it is possible
to generate quantitative measurements including microvessel
density and total vessel length, thus enabling the quantifica-
tion of angiogenesis, tumour growth and metastasis in real
time in a non-invasive manner (Yang ef al. 2001). The other
major advantage is that any differences in angiogenesis
between primary and metastatic tumours can be detected,
and this is important when considering therapeutic implica-
tions (Li et al. 2000). The main disadvantage of this method
is that whole body imaging is not always sensitive enough
with GFP because of light absorption by the surrounding tis-
sues, especially the skin. An improvement on this method
has been to use a reversible skinflap, which reduces signal
attenuation and increases the signal detection sensitivity
(Yang ef al. 2002). This method involves making an arc
shaped incision in the skin of an anaesthetized animal to
produce a small flap, which can be repeatedly opened and

Figure 7 Visualization of tumours growing in orthotopic sites.
MDA-MB-436 breast cancer cells transfected to express GFP
were injected into the mammary fat pad and can be observed
using fluorescent microscopy.

closed to image the GFP. However, despite this improve-
ment, visualization of very small capillaries is still difficult.
Moreover, caution should be taken when interpreting results
using GFP-expressing tumours because the fluorescence
decreases with reduced oxygenation and is virtually elimi-
nated by anoxia, conditions which exist in both experimen-
tal and clinical tumours (Coralli et al. 2001).

Okabe et al. (1997) produced transgenic mice, which
expressed GFP in all tissues. These mice have since been
crossed with nude mice to produce immunodeficient ani-
mals, which also fluoresce green throughout their bodies
(Yang et al. 2004). These have the advantage that human
tumours can be grown and the lack of hair makes imaging
easier. By implanting red fluorescent protein (RFP)-express-
ing tumours into these mice, it is possible to use whole body
imaging to generate dual colour images of the early events
in tumour angiogenesis, and to visualize and distinguish the
components of the host—tumour interaction (Yang et al.
2003). The advantage of this method is that there is much
greater resolution enabling detection of the very fine vessels;
however, for the highest resolution tissue preparation may
still be required.

An alternative nude mouse strain where GFP is expressed
under the control of the nestin regulatory protein (ND-GFP
mouse) has been developed (Amoh et al. 2004). In these
mice, GFP is expressed in the hair follicles and blood ves-
sels of the skin; so when RFP-tumours are implanted subcu-
ND-GFP expression is clearly seen in the
proliferating endothelial cells and nascent blood vessels in

taneously,

the growing red fluorescing tumours without the added
complication of any other green fluorescing cells (Amoh
et al. 2005). However, although it is possible to treat
tumours and observe differences in blood vessel formation
easily over time within this model (Amoh et al. 2005), it
suffers from the limitations of being a subcutaneous, rather
than an orthotopic model. Alternative transgenic mice have
been developed where GFP is expressed under the control
of either endothelial nitric oxide synthase (eNOS) (Figure 8)
or Tie-2, both of which are largely restricted to endothelial
cells (Van Haperen et al. 2003; Hillen et al. 2008). These
both have the advantages that all vessels throughout the
animal express GFP and therefore orthotopic tumour mod-
els are possible. However, both eNOS and Tie-2 expression
are under complex regulation and their expression varies
under different circumstances [e.g. eNOS expression alters
with shear stress (Cheng et al. 2005) and Tie-2 expression
alters within tumour growth and development (Martin
et al. 2008)], which may lead to variations in analysis in
different regions of the animal, which are not due to varia-
tions in angiogenesis.
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Figure 8 eNOS-GFP vessels. A confocal image of green fluores-
cent blood vessels, which are clearly visible by virtue of the
eNOS expression at the endothelial cell barrier within the
eNOS-GEFP transgenic mice.

Conclusions

Despite the discovery and development of numerous agents
for the treatment of angiogenic diseases (mainly cancer),
which have showed dramatic and promising inhibitory
effects in preclinical testing i1 vitro and in vivo, and in some
instances tumour regression, these agents have proved very
disappointing in phase II/IIl clinical trials. This inconsis-
tency of data between preclinical and clinical trials high-
lights the need for rigorous preclinical testing both in vitro
and in vivo using relevant models and the limitations of each
assay being taken into consideration, thus avoiding over
interpretation of results.

While in vitro assays are often useful for screening poten-
tial targets and provide an early validation step in the pro-
cess of testing a new drug because of their rapid nature and
ease of quantification, care must be taken in interpretation.
Indeed, the validity of cultured cells as a model of physiolog-
ical function in vivo has been criticized as being too differ-
ent from the natural cellular environment. However, this is
a valuable tool provided the culture conditions are adjusted
to mimic closely the in vivo situation, and with added valid-
ity when endothelial cells are cultured in the presence of
supporting cells (smooth muscle cells, mural cells and fibro-
blasts) and an ECM. Perhaps the selection of appropriate
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endothelial cells is important to reflect the disease being
studied; for example, for psoriasis, human dermal microvas-
cular endothelial cells are used, whereas for breast cancer,
breast microvascular endothelial cells are used.

Although the different ex wvivo cultures in use provide
some of the supporting cells and ECM thereby acting as a
link between in vitro and in vivo assays, they are often not
from the relevant organ; therefore it is essential that in vitro
assays be validated by a variety of in vivo assays. Moreover,
a single in vivo model is inadequate to fully investigate the
process of angiogenesis as there are variations between spe-
cies (e.g. zebrafish ws. mouse), location/organ sites (e.g.
flank ws. cornea) and specific microenvironments. The tim-
ing, concentration, location and mode of treatment adminis-
tration are critical in all animal experiments regardless of
species. Therefore, the treatment strategy for any in vivo
model must be able to accommodate limitations in experi-
mental design. Moreover, the concentrations of cytokines
required to observe angiogenesis in any iz vivo assay will
vary from the concentrations of angiogenic growth factors
used to stimulate endothelial cells in in vitro assays. In order
to more closely mimic the human clinical situation most
in vivo experiments are time consuming, allowing for natu-
ral angiogenesis to occur (within a spontaneous tumour for
example). However, this also makes them costly and prone
to variability. Although traditionally in vivo experiments
were notoriously difficult to analyse, there has been an expo-
nential increase in the sophistication of in vivo imaging tech-
niques including the availability of MRI, CT and PCT
facilities for scanning small animals, and the advent of con-
focal and multi-photon microscopy enabling fine structure
imaging in situ. What is increasingly obvious from all the
previous studies is that only an extensive acquisition of
experimental iz vivo data will ultimately allow an adequate
interpretation of preclinical studies that potentially translate
into promising clinical therapeutic regimens.

It is always difficult to predict the future developments in
any area of research. The goals for the development of
angiogenesis assays have been well defined for over a dec-
ade; improved quantification, rapid assessments, ease of exe-
cution, reproducibility and applicability to clinical practice
(Jain et al. 1997). All these variables remain relevant, but
the continued development of sophisticated imaging tech-
niques will improve data acquisition. Other major advances
are likely to involve the mechanisms of angiogenesis present
in different organs and disease states. Thus, the generation
of new and more appropriate disease models may be
achieved by transgene protocols, leading to improved diag-
nostic assays that incorporate angiogenic responses (Auer-
bach 2006).
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In summary, in order to fully interpret the effects of a test
substance on the process of angiogenesis, it is still necessary
to use multiple iz vitro assays designed to investigate the dif-
ferent steps in the angiogenesis pathway with either the rele-
vant endothelial cell or multiple endothelial cell types,
followed by more than one in vivo assay, where the micro-
environment will influence angiogenesis and the effect of the
test substance. This will enhance the likely success of pre-
clinical studies translating into clinical modalities.
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